


ABSTRACT 

Plutonium and amcric ium are rolubilized from sediment 

into pond water in increasing amounts at pH values of nine 

and above. They are not dissolved but rather diapwscd 

a# 8 collotd, whore average utze decreases with increasing 

pH. Only a fraction of the plutonium and americium can 

be dkpersed; moreover the pond water has a low saturation 

value and wfll gradually redeposit these elements onto 'be 

redlment. These factors suggest that migration of plutonium 

and americium from t h c  ponds would be slow, and nlso lead 

to the conclusion that  them elements c s n n ~ t  be rmiovcd 

efficiently from the sediment by leaching at high pH. 



The behavior of transuranium elements - especially plutonium - 
in aquatic environments, both marine and fresh has received 
considerable attention 

PacUic, and as a result of liquid emisllbns from nuclear energy 
facilities and waste-burial sites. With the exception of factors 

dependent on ionic strength, the behavior of plutonium and americium 
Ir similar in both sea and fresh water. In particular, both elements 
tend to concentrate in  pond and ocean s e d f r n e n t ~ ~ - ~ ~ ,  but i n  marine 
rysterne are not permanently immobilized and under certain condlt ion# 

may bo resolubilized" into the water phase8' '. The eolubi'titierr of the 
most common compounds of plutonium in the environment - the oxide 

and the hydroxide - are extremely low ; and even after due accoiint 
is taken of kvydov's1' excellent point that the solubility product of 
plutonium hydroxide is not an accurate expression of the canccntration 

of plutonium in water, it is still apparent that this concentration can 

be many orders of magnitude higher than predicted by solubility 

considerations done. 

1-4 because of nuclear weapons tests i n  the 

11 

Hydrolyzed plutonium is known to polymerize to form colloidal 
, and these are the predominant forms of the element species 

in natural i\alcrsl 3. Dcpcnding on conditions, the colloidnl plutonium 
(and americium) may (1) remain dispcrscd indefinitcly; (2) be adsorbed 

I l , 1 3 ,  14 

* In this paper, the term solubilization will  be used to refer to any 

dispersal of a solid i n  water, n h e t h e r  thc mechenisw be true dis- 

solution, colloid peptitation, or formation of a f ine  suspension. 
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by bottom sediment: (3) be redispersed, still i n  collotd form, by the water 
I 

medium. Conditions which affect the behavfor of plutonfum and arnertcium 

Include pH, ionic utrength, temperature, and complering anion concen- 

tration. In fresh water ryetems of low salt content and ambient 

temperature, pH would be expected to be the .nost tmportont variable. 

I 

I 

In thfa paper we report the results of lmrestigatlon of tho behavior of 

plutonium and americium in a fresh water holdtng pond at the Rocky 
Fhtr Plant of the Energy Research and Development Admlnhtrat4on. 
Thir pond, known a8 B-1, was selected for study btcauae it was 
known to have appreciable concentratlonlr of plutonium and amcrici \rm 

h the sediment. This pond has been rcceivlng treated rewage effluent 

rince 1952 and laundry waste waters from this date unttl late 1973. 

Most of these elements now preecnt in the sediment are from the 
latter stream, which was contaminated in  the laundcrlng of protective 

clothing used in a plutonium processing facilfty. 

maximum depth of approximately four meters 3nd a volume of 

3 x 10 liters: the residence time for water in i t  is approximately 
34 hours*. Although the results reported here are rpeclfic to 
Pond B-1, they should be at least qualitatively applicable to other 

fresh water ponds of similar pH and sediment composition. 

Pond B-1 hae a 

6 

* 7 Thompson has described t h e  holdmg pond system at Rocky Flat@. 



EXPERf MENTA L 

The rcdtmentr used in tM8 study were collected frim the bottom 02 

Pond B-1 using a coring device whtch penetrated only the top few 

centimeters of redimcnt. Plant fragments and other debris were 

removed prior to homogenizing with an electric mixer. The 

homogenized clediment had an average concentration of 1620 pCi 
Pu/g 8nd 460 pCi Am/g bared on dry weight. 

The aqueous pha6c used in the experiment8 waa water collected from 
Pond €3-1 at the same time as the redimcnt. The water had a pH of 

7.8 and contained 2 . 3  pCi/l plutonium and 1.6 pCi/1 americium. The 
following anions were present in concentrations expreeoed as 
rnillimolcs/liter: nitrate, 0.4; sulfate 1.2:  bicarbonate, 0 .6 ;  total 

3- 
phorp%e (as Pod ), 0.02; chloride, 0 .5 ;  fluoride, 0.03. 

S z e  fractionation of the sediment was accomplished using a liquid 

mdimentation procedure based on Stokes’ law: 

where U, 
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* terminal settling velocity 

particle density (assumed to be 2 . 5  g/cm3) 

= liquid density (1,O g/cm3 for water) 

= liquid viscosity (0.01 g/sec. cm. for water) 

= particle radius 
= gravitational acceleration (?BO cm/sec  2 ). 



Ertractlon. experiments were conducted at room temperature by 

rhaking 35 ml of Pond B-1 water with 8-1 sediment In 50 ml poly- 

carbonate centrifuge tubes on a Burrell wrist-action shaker. (llcfore 

rhaklng commenced, the sediment-water mixtures were adjusted to 

the lrpecffied pH with dilute HC1 or NaOli. ) Ccnerally S rnl of sediment 

(tqulvalent to approximately 1.2 grams dry) was used in each extraction 

except in the runs involving filtration; in these r u n s ,  where it was 

desirable to minimize the amount of material retained on the fjltcru, 

only one milliliter of eediment Has used. A t  the end of the speciflcd 

extraction time the tubes were centrifuged at 5000 rpm for ftvc minutes 

and a five milliliter sample of the supernate wfihdrnwn for nnnlyaie. 

In those experlments involving cxtrsctlon for successive time Intervals, 

the  tubes were then sliakcn vigorously to resuspend the sediment and 

replaced on the shaker for additional extraction; the above procedure 

was then repeated at each spccificd time period. At  the conclusfon of 

the cxperhicnts, thc rcsiducs N ere dricd a n d  3 n a l y i c d  for plutonium 

and americium. From tiicsc valucs and the conccritrations of thcse 

two elements in the cxtraction supernates, the extraction coefflcicnta 
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(Kex) were calculated by the expression 

I 

C i h ( . l m ) / m l  woln 
‘ex = FC I PuL4n1~ i g  residue 

I 

In the r u n s  rn which filtration was enrplo) ed t h c  tcibcs wcrc not centrlfugcd, 

but wcrc allcwcd to st,\nd for 57 niinutcs. the cnlculatcd titnc jp allow 

particles larger than 5 ,ni to setile. 
1 1  

* 
The terms cxtraction and extraction coefficient arc uwcd i n  t h i h  paper 
to dcscr ibc  the drstr~ibu+ro1i of plutcrnium t ;nd .Inrcricium betn wit 
sediment and water: Ihcse terms should riot be interpreted tn the strict 
chcnr~cal sense. houcvcr, since the plutonium and a m e r i c ~ u m  are not in 
true solution. 

, 
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Nuclepore liltem of the specified pore size were used i n  al l  filtrations 
ercept the 0.4 urn separations at pH 12, which u-re accomplished with 

0.45 grm Nalge filters. 

Supernate samples were evaporated on stainlesa steel planchets and 

analyzed by alpha spectrometry using the 5. 15 Mev alpha peak for 
plutonium-239 and the 5.5 Mev peak for americium-241. The ramplcr 
were counted on a Nuclear Data 4420 pulse height analysis syotem with 

ORTEC rurface barrier detectors; the counting accuracy was *670 at 
the 95% confidence level. 

The residues from the extraction r u n s  were lerched with 1:l HN03-HC1 
solution containing a small amount of HF,  and plutonium was separated 
from americium by anion exchange. The americium fraction wae 
evaporated on a stainless steel planchet and counted as above. The 
plutonium fraction was extracted with 0. 531 - thcnoyltrifluoroacetone 
(TTA) i n  xylene, and the organic extract was evaporated and counted 
as described above. 

Anion analyses of the pond water involved the following procedure#: 
nitrate by a colorimetric method using pheaoldisulfonic acid; 
sulfate by titration with BaCG; bicarbonate by titration with 3S04; 

phosphatc by the colorimetrrc phosphornolybdatc met hod: and 
chloride and fluoridc by spccific ion clectrodes. 



RESULTS AND DISCUSSION 

The 8ize and activity distribution of Pond B-! sediment is shown in 

Table 1. These results indicate a elightly higher concentration of 

plutonium in particles tn the 4.6 to 9 m size range and a more 

uniform distribution of americium among the various sizes. To 
characterize the sediment further, a sample was centrtfuged and the 

residue frozen. The frozen eedtnwnt was cut along the vertical axie 
and contacted directly along the cut (inner) surface with a #trip of 
polycerbonatc film for four weeks to allow alpha tracks to form i n  

the film. Examination of the film Indicated a tendency for tho 
plutonium to concentrate ncar the top of t h e  sediment, lruggeetlng 

that it m3g be preferentially attached to the less dense portion of the 

redhent. Of possible relcvence is the f i n d i n g  of Edgington et el 

that most of the phto!uum in Lake Michigan 6edfmCnt is aasocfnted 

with hydrous metal hydroxides and only a small fraptiotr with natural 

humates. 

I O  

Concnntrations of plutonium and americium in pond water after 

extraction with sediment for varioue time periods in the pH 3 to 12 

range are shown in Tables 2 and 3. Each value is the mean of five 

replicates, Extraction remains relatively constant i n  the pN 3 to 8 

range, but from p11 9 to 12 increases rapidly, yielding especially 

high coiiccntmtions of plutonium nfter 34 and 68 hours at pll 11 and 12. 

The inweascd solubilization at high pll may be partly a result of the 

changc i n  sign of the plutotii~im cc!loiJ from positite to negative at 

pII 3. S to 816, if this is true it suqgests that the plutonium colloid is 

adsorbed by negative sites and t h e n  rerclled as the pJ1 is increased. 

Tire values at pH 9 and 10, although not a s  high, are  perhaps of more 

practical concern since they are  still ccnsidcrahly above normal and 





are more likely to be attained by an accidental p H  excursion. These 

results are in apparent contradiction to those of Thompson , who 

found plutonium and americium to be tightly bound to the sediment: 

however, no pH values are stated in h i s  paper, and it is possible 

that his data were obtained at pH 7 to 8 where  there is minimal 
rolubilization of these elements. Thc e.\-tent to which these data can 
be extrapolated to natural field conditions is problematical since the 

optimum contact between water and sediment would not be achieved 

in the field. Nevertheless they do indicate a potential source of water 

contamination that bears close scrutiny. 

7 

The values in Tables 2 and 3,  although of practical signiffcunce. do 

not relate directly to the concentrations of plutonium and arnericium 

in t h e  sediment. Of more fundamental interest are  the remilts in 

Tables 4 and 5, i n  which the sediment concentrations arc used to 

calculate extraction coefficicnts. The snmc trends arc  notcd, and 

a comparison of the datn i n  * % e m  four tables indicates that while 

the extraction coefficients are low, they can result i n  sufficient 

plutonium and americium solubilization 10 be a matter of potential 

concern. 

The enhanced solubilization at high p11 values, at which both plutonium 

and anrcricirim nould be expected to be lesa soluble, suggests that 

they are  not in true solution but rather exist as a colloidal sol whase 

formation b) peptization of the s e d m c n t  is enhanced at high pH values. 

To assess this possibility, a series of 20-hour extractions was con- 

ducted with four rcplicate samples each at pl1 values of 3, 8, 9, and 12. 

After extraction and settbng, portions cf the supernates wcrc filtered 

through Nucleporc filters of pore sizes 5. 1, 0.4, and 0.2 urn. 
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b I U l t 8 ,  shown in Table 6, clearly indicate that plutonium and amerlclum 

we present a h o a t  entirely in colloidal form at all pH values studied. 

m y  that concentration of these elements filterable through 0.2 urn filters 

i 

I 

1 CUI be present h true solution, and a large partion of this fraction is 
undoubtedly present aa smaller colloids. The plutonium concentrations 

h'k the 0.2 urn filtrates at pH 3, 8, and 0 do not differ significantly from 

that of the original pond water, indicating that there was no Increase i n  

dirrolution in thia range due to enhanced complex formation with anlonlr in I 

the solution. Hence rt can be concluded that degree of complexation waa 

not a variable in thim study. Americium concentrations i n  the 0,2 urn 
filtrates are hfgher than in the original pond water, but this Is almost 

certainly the result of the greater solubility of' americfum and a smnllcr 
colloid size rather than to complexation, It is noteworthy that the nvcrftgc 

nite of the colloids decreases with increasing pli. A find!ng whlch tu 

u direct contradiction to the results of Rhodes" who found the particle 

size of the colloid increased with increasing p K  

concentration as a basis of comparison, the results in Table 7 were 

calculated. The collorda1 size dlstributions of plutonium R t  pII 3 and 8 

are airnilor, but there 18 a shdt to smaller sire ranges at pIl P, nnd 

this 6hUI is enhanced at pH 12, Only at pH 12 is  there a signfficant 

plutonium concentration i n  the 0.2 urn filtrate. In the case of americium, 
the trend i s  sunilar, but less regular, probably reflecting both the 

decreased tendency toward polymerization and the grenter eoluhllity of 

monomcric americium hydroxide  compared to the plutonium onrrlogue. 

Uein)! the 5 uni filtrntc 

I 

The relatively large solubihzatlcn of plutonium and americium at 

high pH v~lues raises the question of whether the amount of thcse 

elements suspended IS limited by their avdiabilrty an the sedimrnt o r  

whether s,?turatron of the water phase beoomes the limiting factor. 
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TABLE 7. Colloidal Size Dfstributlon of Plutonium and Americfum 

Percent* of Plutonium and Americium in Site Fraction 

(1  Vrn a.4um a.2 urn 
Am 

3 13 60 8 23 5 17 

I 7 26 7 22 5 I 4  
8 83 87 57 59 6 18 

12 76 s9 82 I4 16 21 

- pu - Am - Pu - Am - P I f -  pu 

* 
Relative to t h e  concentrattone of plotonfum and amerfcium 
filterable through a 5 ~n filter. 
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TO explore this question, four replicate samples at pH 9 and four at 

pH 11 were extracted for 20 hours, centrifuged, and the water removed 

by decantation and sampled. The sediment was again extracted for 
20 hours with fresh pond water at the original pH, while the original 
water phase w3s contacted for 20 hours with fresh sediment, again 

at the original pH. After centrifugation and liquid phase sampling, 
the above procedure of contacting the original water with fresh eedfment 
and the original sediment with fresh water was repeated two more timer, 
Tho reeulte arc Rhown in Tables 8 and 9. 

The data i n  Table 8 indicate that the amount of plutonium auapcnded 
decreases with each successive contacting, suggesting that only n 

fraction of these elements present i n  the sediment is available for 
solubilization. Perhaps this fraction i s  less tightly bound to the 
sediment, or is associated vcith smaller, less dense partlclcs in 
the sediment. 

The dispersions created by these extractions not only have a saturation 
value, but are unstable, as indicated by Table 9. The decrease in 
plutonium and americium concentrotions with successive contacting8 
with fresh soil is  additional evidence that most of thege elements are 
present as a colloidal dispersion and that they are rcadeorbed by the 
sediment i n  time, in agreement with thc findings of Andelman and 

Rozzelll regarding coagulation of aged suspensions. 

In summary, the following conclusions seem to be justified: 

1. Plutonium and americium are dispersed from Pond B-1 sediment 
into Pond B-1 water in  increaslrg amounts at p H  9 and above, 



TABLE 80 Successive 20-Hour Extractions of Original 
Sediment With Fre8h Pond Water 

pH9 pH1 1 
Extraction PU Conc., pCill Am Conc.. pCi/1 Pu Conc., pCi/l Am Conc., pCi/l 

1 l b ( f S 3 )  

60bt40) 



TABLE 9. Succesdve 20-Hour Extractions 02 Freah 
Sediment With Original Pond Water 

pn9 pH1 I 
Extraction Pu Conc. pCi/l Am Conc.. pCill PU Conc., pCi/ l  Ani Conc., p r i l l  

Ffrrt 

Second 
Third 

Fourth 
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and under certain conditions the concentrationa of both alementa 

can approach or even ercced Maximum PermfRsible Concentrations. 

(1667 pCi Pu/l, 1330 pCi Am/l) 
The plutonium is dispersed as a colloidal sol. tho average sire of 
the colloid decreasing with increasing pH. 

Americium is also present i n  colloidal form, and its size also 

decreases with increasing pH, but in a loss regular manner 
Only a small percentage of the plutonium and amertcium i n  the 
aediment is present in  a dispersable form. 
Pond water has a relatively low eaturation value for both elemtntr, 
and at concentrat5ona well below saturation, the colloid ia gradually 
readsorbed by the sediment. 
Because of items (4) and (5). migration of plutonium and americium 
down the pond outlet stream would be slow, but could cause problemo 
over an extended period of time. 
Because of item (4) it would probably not be feasfblc to remove 
plutonium and americium from Pond B-1 sediment by repented 

leaching at high pH. 
Although these results are specific for Pond B-1, they a r e  probably 
applicable in varying degrees to other aquatic systems that are 
comparable in terms of history, chemistry, and biological 
conditions. 

2. 

3. 

4. 

5. 

60 

7. 

80 
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INTRODUCTION 

Core and dredge samples were collected from t h e  bottoms 
Of Great Western R e s e r v o i r  and S t a n d l e y  Lake during 
October 1973. 
by t h e  United States Etlvironmental P r o t e c t i o n  Agency 
(USEPA) and t h e  Colorado DepartmPent of Heal th ’  t o  a8Bess 
selected r a d i o n u c l i d e  c o n c e n t r a t i o n s  in t h e  r e s e r v o i r  
bottoms. 

The sampling program was conducted j o i n t l y  

Core samples were collected i n  l - - i n c h  diuieter pipes 
which were s e c t i o n e d  i n  1- inch horizons .  Sediment 
(dredge) samples were collected using a P e t e r s e n  dredge. 
Sample l o c a t i o n s  are  shown i n  Figures 1 and 7.  

The USEPA r e q u e s t e d  t h a t  Rocky F‘lats Plant par t  i c igate  
i n  t h e  a n a l y s i s  of approximately o n e - t h i r d  of t h e  core 
eamples, The Rocky Flats p o r t i o n  of t h e  samples were 
analyzed at Battelle-Pacific Northwest Laboratory and 
Lawrence Livermore Laboratory. The  remaining samples 
were analyzed by the USEPA at t h e  N a t i o n a l  Environmental 
Research Center-La8 Vegas. The most complete data were 
o b t a i n e d  for plutonium and cesium-137. 

A n a l y t i c a l  data were exchanged w i t h  USEPA i n  June 1974. 
The f o l l o w i n g  d l s c u e s i o n  i s  based on a graphical 
s y n t h e v i s  of t b e  data, i n c l u d i n g  h o r i z o n t a l  dispersion8 
at s e v e r a l  depths, and v e r t i c a l  profiles at some e t a t i o n e .  

DISCUSSION 

Tables I and I1 s h o r  t h e  c o n c e n t r a t i o n s  of Pu 239-240 
and Pu 238 i n  t h e  dredge rmples and t h e  core samples 
and the Cs 137 c o n c e n t r a t l o n a  i n  t h e  dredge ampler in 
p l c o c u r l e s  per gram (pCi/g). From these data contour  
drawing8 ( F i g u r e a  2-6 and 7-9) were made of t h e  Pu 239-240 
and Cs 137 c o n c e n t r r t i o n a  i n  t h e  dredge samplem and t h e  
Pu 239-240 c o n c e n t r a t i o n 6  for d i f f e r e n t  depth. of t h e  core 
samples. Graphs were plotted of t h e  c o n c e n t r a t i o n  vermum 
riepth for t h e  Pu 239-240 core samples (Pigurea 10-16). 

The f o l l o w i n g  c o n c l u s i o n e  are bused on these graphical 
d i s t r i b u t i o n 8  and tables. 

Mil ton W. Lammetring, USEPA, =ION V I 1 1  



A. Grert Weatern Reservoir 

1. Higheat concentrations of Pu 239-240 are found i n  
the low area6 of t h e  reaervoir and along the d 8 a  
(Figure8 2, 3,  8nd 4). 

area by the d u  (Figure 6). 

Core manplea were not analyzed a t  every depth, 
60 plots of concentr8tlon versus depth are not 
complete. In mmt ~1.86 the higteat concentrrtion8 
of Pu 239-240 were i n  the 0-l9* level. A t  four 
ample locatlorn the 1-2" level w 8 a  h i g h e r  t h 8 n  
the O-19g level. Them locrtionrr 8re 1, 6,  8 8nd 
20 (Figure. 10, 12, 13, 8nd 17). 

difference between the EPA'm remultm 8nd Rocky 
Flats' reaultm, t h e  EPA'r  being lower. In two 
c8ae8, p i n t a  14 and 19, EPA 8nd Rocky Fl8t. 
result0 are closc. 

2. Ca 137 concentrrtlonm are highes t  i n  t h e  low 

3. 

4. Dredge mamplem 1, 12, and 21 (T8ble I)  show 8 

B, St8ndlep Lake 

1. H i g h a t  Pu 339-340 coacentr8tionm are found by 
the dam 8nd by the i8lmnd (Figure 8) .  Theae 
concentrations are lower than thore for Gre8t 
Weetern (0.1 for 8t8ndlOy m d  4 . 1  .lor Gre8t 
Weatern) . 

2, The C. 137 concentrationm i n  Standley Lake are 
about the aoIe u in Gre8t Weatern Remervcir 
(2.4 for St8ndleg and 2.1 for Great Western). 
C8 137 i m  81.0 concentrated 8t %he d u  8nd 
around the imlmd (Figure 9). 

diffOrOnCe8 b e t r e o n  WA m d  Rocky Plat8 r @ . U l t # ,  
Rocky Plat. reaulta being higher (T8blO 11). 

9. 8 u p l e  point. ?, 5, 7, 10, 15 1Dd 17 
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